The finite element analysis (FEA) was used to explore the effect of different graft heights on adjacent segment and graft segment stress after C4/5 anterior cervical discectomy and fusion (ACDF).
Background
Anterior cervical discectomy and fusion (ACDF) is widely performed for the treatment of cervical degenerative disc disease [1] . It can allow direct remove of anterior pressure and usually is accompanied with interbody fusion and anterior fixation. However, ACDF has been associated with the development of new degeneration at levels adjacent to the fused segments [2, 3] . The degeneration adjacent to the level of spine arthrodesis is called adjacent segment degeneration (ASD). Risk factors for the ASD have been proposed in the literature, including graft height [4] , graft type [5] , fusion plate placement [6] , and postoperative cervical alignment [7] . In addition, increased stress on the adjacent segment may lead to overload and instability in the segment, eventually resulting in ASD [2, 8, 9] .
A biomechanical study using finite element analysis (FEA) can help to elucidate the complex biomechanical properties of the spine, including stresses, strains, and loads under different conditions. Although stress on the adjacent segment after ACDF has been reported in many studies [10] [11] [12] [13] , the stress changes based on different graft height has not been studied. Hence, the objective of the present study was to analyze the effect of different graft heights on the stress on the adjacent segment and the graft segment after ACDF by FEA.
Material and Methods

Finite element (FE) modeling
The computed tomography (CT) images of a cervical spine were obtained at 1-mm intervals from a healthy male volunteer (age 36 years, weight 75 kg, and height 175 cm) who had not suffered any cervical disease. The images were imported into MIMICS 12.1 (Materialise, Leuven, Belgium) to make segmentation and obtain the bone boundaries. The geometry was processed using Geomagic Studio 10.0 (Geomagic, Research Triangle Park, NC, USA) to smooth the uneven surface. Then, the model was imported into the Hypermesh 11.0 (Altair Engineering, Troy, MI, USA) to build the numerical model. Finally, the FE was imported into ANSYS 15.0 (ANSYS, Canonsburg, PA, USA) to process static solution.
The intact FE model is shown in Figure 1 . The model consisted of 4 vertebrae (C3, C4, C5, and C6), 3 intervertebral discs (C3-C4, C4-C5, and C5-C6), including cortical bone, cancellous bone, intervertebral discs, ligaments, and all other important parts. Solid elements were used in the modeling of the vertebral bodies and the posterior elements, but the material was described as isotropic. Shell elements were used for cortical bone and solid tetrahedral elements were used for cancellous bone. Meanwhile, cortical endplates and cortical shells were set as 1-mm thick and connected with solid cancellous elements by sharing the same node. The aforementioned materials were assumed to be homogeneous isotropic linear elastomers.
The material properties are listed in Table 1 [14] . Four different ligaments approximating the ligamentous structures in the cervical spine were incorporated into the FE model as tension-only nonlinear springs: anterior longitudinal ligaments (ALL), posterior longitudinal ligaments (PLL), interspinous ligaments (ISL), and ligamentum flavum (LF). Tensile force-defection properties of cervical spine ligaments were previous described [15] . The final intact FE model consisted of 473 186 solid elements and 122 540 shell elements.
Validation of model
Three-dimensional surface contact elements were used for the contact and sliding effect between the articular facets. Statistical analysis was performed by applying 1.0 Nm of flexion, extension, axial rotation, and lateral bending moments with 73.6 N of axial compression superior to C3. The boundary condition was simulated by fixing the inferior surface of the C6 vertebra under constraint of different degrees of freedom. The validity of the FE model was verified by comparing the predicted data with the results reported in the literature [16] .
Surgery simulation
During the actual operation, the "interjob" support is used to support the vertebral space after removing the anterior longitudinal ligament, removing the lesion disc, and removing the corresponding upper and lower endplates. Then the corresponding size of the autologous bone mass is taken. The implant is inserted into the intervertebral space. All models were based on a validated model of the aforementioned intact C3-C6 model.
The height of anterior intervertebral space was 4.4 mm preoperatively. Four FE models were built with heights of 4.0 mm, 6.6 mm, 7.7 mm, and 8.8 mm, respectively at 90%, 150%, 175%, and 200% of the height between C4-C5 preoperative disc height. The height was changed by translating the elements and geometry in Hypermesh 11.0.
We turned the property of the disc annulus and disc nucleus into cancellous bone at C4-C5 [17] . The ALL were excised to simulate the surgery as closely as possible. The same boundary and loading conditions were applied to the 4 models. In all simulations, 73.6 N of compressive preload was applied to the C3 upper endplate. In addition, a pure moment of 1.0 Nm in different directions (flexion, extension, axial rotation, and lateral bending) was applied on the C3 endplate for the 4 simulations.
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In this case, a C4-C5 anterior titanium alloy plate (height 27.5 mm) and 4.0×13.0 mm self-tapping screws (Medtronic Sofamor Danek, Memphis, TN, USA) were simulated. The upper screws were inserted in the middle of the anterior vertebral wall and parallel with the upper vertebral endplate, and the lower screws were inserted parallel with the horizontal line. In SolidWorks 12.0 (SolidWork, MA, USA), the titanium plate and vertebral bodies were fixed with the screws and the connection parts of the titanium plate, the screws and the vertebral bodies were simulated with the contact method of binding. The bone graft was assumed bound to the adjacent vertebral body completely.
Results
Validation
The comparison between in vitro data and predicted value in the FE model are shown in Table 2 . All the predicted responses were consistent with the results of in vitro experiments reported in the literature [16] .
Stress distribution
The von Mises stress on each disc are shown as Table 3 . The values are in order of flexion, extension, axial rotation, and lateral bending. The stress cloud diagram is shown in Figures 2-4 . It can be seen that the graft height had little effect on adjacent segment stress distribution. Maximum value appeared in front of the disc annulus during flexion. "U" shape was observed with the bigger stress on the annulus disc back compared to the other three sides under extension. The stress was mainly concentrated on both sides of the vertebral body, the joint of vertebral arch and disc under bending and rotation.
Discussion
ACDF is considered the gold standard for the treatment of degenerative cervical diseases. Previous studies have reported that patients can achieve significant neurologic recovery and alleviation of pain after ACDF [18] . Distraction of disc space is routinely performed in ACDF, which could contribute to visualized decompression, cage insertion, and disc height recovery.
Opinions regarding graft height in ACDF are still controversial. In 1958, Smith and Robinson proposed that the intervertebral space should be 10-15 mm [19] . While in 1988, White et al. thought that 4-5 mm high bone graft was appropriate [20] . Kawakami et al. concluded that 2-5 mm distraction was a proper distraction height, resulting in lower rate of axial neck pain [21] . Olsewski et al. investigated the stress changes in the graft and facet joint in the condition of different graft heights in ACDF and concluded that the bearing stress rates significantly decreased when the distraction height was in excess of 3 mm [22] .
Being increasingly utilized by orthopedic researchers, FEA is a mathematical model that helps to elucidate the complex biomechanical properties of the spine, including stresses, strains, and loads under differing conditions. A few studies have analyzed the stress distribution after ACDF by FEA. But the stress on adjacent segments and graft segments under the condition of different graft heights after ACDF has not been studied. In our study, we found that 150% distraction lead to less stress on adjacent segments following ACDF. Recently, in a cadaveric study, Yang et al. concluded that 160% of the mean height of adjacent intervertebral spaces was the optimal graft height from the point of foramen size [23] . Our result was similar to their opinion.
The association between disc pressure and disc degeneration has been studied. The intervertebral disc lacks blood supply. It depends primarily on the diffusion of nutrients from the peripheral blood vessels and vertebral endplates through the extracellular matrix [24] . Increased disc pressure tends to alter the diffusion properties of nutrients delivered from the surrounding blood supply, leading to waste accumulation. Failure to adequately remove waste from intervertebral discs leads to lactic acid accumulation and a decrease in pH, which disrupts metabolism and leads to cell death [25] .
Besides, we found that 150% of graft height lead to a smaller stress on the graft segment. The optimal force needed for bone graft is unknown. Appropriate stress may enhance the rate of fusion. However, excessive stress on the bone graft and end plates may result in fusion failure because of graft dislodgement and end plate fracture [26] . Although for stress it is not that smaller is better, and this study finding may contribute to further studies that explore the proper stress on the bone graft in ACDF.
Our study had some limitations. FEA was extremely versatile and powerful, but incomplete knowledge regarding mechanical behaviors was challenging [27] . Besides, the graft height in ACDF has been associated with the preoperative intervertebral space. Only 1 case was analyzed in our study, so there should be more cases reviewed to support our conclusion. In this study, the mechanical effects of muscles were not taken into consideration. In addition, different insertion methods for screws may influence the results. However, the present study provides a foundation for further in vivo investigations to further assess our findings. There are so many controversies and unanswered questions on this topic. Thus, we believed this would be an interesting topic to explore. Further research is needed to investigate the appropriate graft height on the adjacent segment and the graft segment. We hope that this paper will help surgeons better understand the stress forces that occur in the cervical spine after ACDF, especially when there is some degree of degeneration in the adjacent segment.
Conclusions
The graft height can make an important difference on the stress on adjacent segments and graft segments after anterior cervical discectomy and fusion. A 150% graft height was a proper graft height in C4/5 ACDF, with lowest stress on the adjacent segment and the graft segment.
